Formin3 is required for assembly of the F-actin structure that mediates tracheal fusion in Drosophila  by Tanaka, Hiromasa et al.
www.elsevier.com/locate/ydbioDevelopmental BiologyFormin3 is required for assembly of the F-actin structure that mediates
tracheal fusion in Drosophila
Hiromasa Tanakaa, Etsuko Takasua, Toshiro Aigakib, Kagayaki Katoc,
Shigeo Hayashic, Akinao Nosea,*
aDepartment of Physics, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
bDepartment of Biological Sciences, Tokyo Metropolitan University, Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan
cMorphogenetic Signaling Group, Riken Center for Developmental Biology, Chuo-ku, Kobe 650-0047, Japan
Received for publication 23 December 2003, revised 8 July 2004, accepted 19 July 2004
Available online 27 August 2004Abstract
During tracheal development in Drosophila, some branches join to form a continuous luminal network. Specialized cells at the branch tip,
called fusion cells, extend filopodia to make contact and become doughnut shaped to allow passage of the lumen. These morphogenetic
processes accompany the highly regulated cytoskeletal reorganization of fusion cells. We identified the Drosophila formin3 (form3) gene that
encodes a novel formin and plays a role in tracheal fusion. Formins are a family of proteins characterized by highly conserved formin
homology (FH) domains. The formin family functions in various actin-based processes, including cytokinesis and cell polarity. During
embryogenesis, form3 mRNA is expressed mainly in the tracheal system. In form3 mutant embryos, the tracheal fusion does not occur at
some points. This phenotype is rescued by the forced expression of form3 in the trachea. We used live imaging of GFP-moesin during
tracheal fusion to show that an F-actin structure that spans the adjoining fusion cells and mediates the luminal connection does not form at
abnormal anastomosis sites in form3 mutants. These results suggested that Form3 plays a role in the F-actin assembly, which is essential for
cellular rearrangement during tracheal fusion.
D 2004 Elsevier Inc. All rights reserved.
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Regulation of the actin cytoskeleton is essential for many
developmental processes, including tissue remodeling, cell
polarity, migration, and division. Actin binding proteins
with distinct properties are involved in each of these
processes and organize different assemblies of actin
filaments. One group of proteins implicated in actin
regulation is the formin homology (FH) proteins, or
formins. This highly conserved family functions in various
actin-based processes, including cytokinesis, cell polarity,
hair cell stereocilia, and stress fiber formation (reviewed in0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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man, 1998). Formins are characterized by the highly
conserved domains, FH1 and FH2, both of which are
implicated in regulation of the actin cytoskeleton (Castrillon
and Wasserman, 1994). The FH1 domain is proline-rich and
associates with profilin, a G-actin binding protein. The FH2
domain is unique to formins and thus defines this family of
proteins. Some FH proteins also contain a conserved FH3
motif that determines subcellular localization (Kato et al.,
2001; Ozaki-Kuroda et al., 2001; Petersen et al., 1998;
Sharpless and Harris, 2002).
The yeast formin Bni1p controls cell polarity in vivo by
organizing the cortical actin cable and it can directly
nucleate actin filaments in vitro (Evangelista et al., 2002;
Pruyne et al., 2002; Sagot et al., 2002a,b). Unlike Arp2/3,
an actin nucleator that forms branched actin filaments,
Bni1p assembles straight actin filaments. Mouse mDia1 is274 (2004) 413–425
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fibroblast cells and it can mediate nucleation of actin
filaments in vitro (Li and Higgs, 2003; Watanabe et al.,
1999). Several of formins function in cytokinesis, including
Bni1p and Bnr1p in yeast, Cyk-1 in nematode, and
Diaphanous in Drosophila, and they are localized at the
actin structures associated with cell division, such as the
contractile ring. These studies indicate that formins function
as nucleators of various actin structures in many organisms
(Chang and Peter, 2002; Evangelista et al., 2003). However,
little is known about their roles in actin bundle formation
during organogenesis and morphogenesis.
The Drosophila tracheal system is a good model with
which to study cellular dynamics based on cytoskeletal
remodeling in vivo (Petit et al., 2002; Uv et al., 2003). The
tracheal cells invaginate from the epidermis, migrate, change
shape, and branch to form a tracheal network (Manning and
Krasnow, 1993; Samakovlis et al., 1996a). The six primary
branches arise from tracheal primordia induced by Bnl/FGF
signaling (Klambt et al., 1992; Sutherland et al., 1996). Some
tracheal branches fuse with an adjacent branch to form a
lumen that connects the two branches. This process of
anastomosis is mediated by specialized cells at the branch tip
called fusion cells. Fusion cells extend filopodia to contact
partners in adjacent branches and become doughnut shaped
to allow passage of the lumen (Samakovlis et al., 1996b;
Tanaka-Matakatsu et al., 1996). The cell adhesion molecule,
E-cadherin, accumulates at the site of contact and forms a
ring that allows anastomosis (Lee and Kolodziej, 2002,
2003; Tanaka-Matakatsu et al., 1996). During this process,
an F-actin-rich track that also contains microtubules and the
plakin, Short Stop (Shot), associates with E-cadherin-
dependent contacts and plays crucial roles in the change of
fusion cell shape and in lumen formation (Lee and Kolodziej,
2002; Lee et al., 2003).
Here, we describe a novel formin in Drosophila, termed
Formin3 (Form3), encoded by the formin3 (form3) gene.
During embryonic development, form3 mRNA is mainly
expressed in the tracheal system. In form3 mutant embryos,
fusion events fail at some anastomosis sites. Fusion cells fail
to change shape properly and to form the E-cadherin ring
structure that marks the anastomosis site. We used live
imaging of the actin-rich structure during tracheal fusion to
show that the F-actin-rich track prefiguring the luminal
connection does not form at the failed anastomosis sites in
form3 mutants. These results suggest that Form3 plays a
role in assembly of the actin-rich track that is essential for
cellular rearrangement during tracheal fusion.Materials and methods
Fly strains
Ectopic gene expression was driven by btl-Gal4 (Shiga et
al., 1996), elav-Gal43E1 (Davis et al., 1997), sal-Gal4(Boube et al., 2000), sca-Gal4 (Nakao and Campos-Ortega,
1996), and 24B-Gal4 (Luo et al., 1994). We used btl-Gal4,
UAS-gfp (a gift fromM. Sato, Univ. of Tokyo), andUAS-gfp-
moesin (Chihara et al., 2003) for time-lapse analysis. The
form3 maps to the 65E3-5 region of the third chromosome.
Misexpression screening
We screened the GS lines for misexpression phenotype as
described (Toba et al., 1999; Umemiya et al., 2002). We
used 24B-Gal4 and sca-Gal4 to drive misexpression in the
entire muscle and central nervous system (CNS) and
searched for phenotypes in axon guidance in the CNS or
in the periphery. Lines that generated lethality were retained
and scored for axon guidance defects using the mAbs
BP102 and 1D4. One of the lines isolated, GS-G6, was an
insertion in the form3 locus and designated GS-form3.
Cloning the form3 gene
Transcripts with forced expression in the GS-form3 line
were identified as described (Toba et al., 1999; Umemiya et
al., 2002). Briefly, the GS-form3 line was crossed to the sca-
Gal4 line, poly(A)+ RNA was isolated from the embryos,
and the transcripts derived from the GS insertion site were
amplified by RT-PCR using vector-specific and Oligo(dT)
primers. The amplified cDNA fragment was directly
sequenced using a vector-specific primer corresponding to
the P-element end. We obtained EST GH12052 as a cDNA
that corresponded to the 3V region of this transcript.
Complementary DNAs that corresponded to the 5V region
of the transcript were obtained by screening an embryonic
cDNA library. By connecting partial cDNAs thus obtained,
we constructed a form3 full-length cDNA. Translation of
the cDNA showed that it contained sequences correspond-
ing to three genes predicted by the Drosophila genome
project, CG14824, CG8633, and CG18138. Based on the
cDNA analysis, we reanotated these three CG genes as a
single gene that we named formin3 (http://flybase.bio.
indiana.edu/.bin/fbidq.html?FBrf0157210).
Generation of UAS-form3 transgenic lines
Full-length form3 cDNAwas cloned into pUAST (Brand
and Perrimon, 1993). The construct was introduced into y, w
flies by germline transformation according to a standard
protocol (Spradling and Rubin, 1982). Several independent
transformant lines produced similar misexpression pheno-
types when crossed with elav-Gal4 or sca-Gal4. We used
one of these lines,UAS-form3-B1 (an insertion on the second
chromosome), for rescue experiments using sal-Gal4.
Generation of form3 loss-of-function alleles
We isolated form3 alleles by mutagenesis with ethyl
methanesulfonate as described (Rajagopalan et al., 2000).
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nous form3 gene in 24B-Gal4/GS-form3 animals is lethal.
We mutagenized GS-form3 males and crossed them with
24B-Gal4 females. From these crosses, we recovered
three viable progeny (form3Em21 , form3Em31 , and
form3Em41). DNA lesions in the form3Em31 and form3Em41
alleles were determined by sequencing the PCR products
amplified from genomic DNA prepared from heterozygous
flies.
Immunohistochemistry and RNA in situ hybridization
We dissected and immunohistochemically stained
embryos as described (Nose et al., 1997). We used mAb
1D4 (Van Vactor et al., 1993) and mAb BP102 (Klambt et
al., 1991) to visualize the CNS, mAb 2A12 (Developmental
Studies Hybridoma Bank), and anti-Escargot (Tanaka-
Matakatsu et al., 1996) to visualize the tracheal lumen and
fusion cells, respectively, and a rat anti-E-cadherin (Oda et
al., 1994). In situ hybridization with RNA in whole-mount
embryos was performed using digoxigenin-labeled RNA
probes as described (Lehmann and Tautz, 1994).
Time-lapse confocal microscopy analysis
Dechorionated embryos were mounted in normal saline.
Images were collected using a CSU21 confocal microscope
(Yokogawa) with an Orca-ER cooled-CCD camera (Hama-
matsu Photonics) and a Bio-point Z-mover (LEP) con-
trolled by IPLab software (Solution Systems) or using the
LSM 510 confocal system (ZEISS). Typically 15–30
optical sections of 1 or 2 Am thickness were recorded
for 4–6 h every 5 min.Results
Isolation of an UAS-insertion line in the form3 locus
We screened for genes whose misexpression in the CNS
produces defects in axon guidance. The screen based on
the GAL4-UAS system utilized insertion lines of a P-
element vector containing UAS (called GS lines; Toba et
al., 1999) and the pan-neuronal GAL4 driver, sca-Gal4, to
induce the forced expression of random endogenous genes
(see Materials and methods for details). The UAS line, GS-
form3, was isolated due to its phenotype in axon patterning
in the embryonic CNS according to staining with mAb
BP102. The commissures in the sca-Gal4/+;GS-form3/+
were thicker and fuzzier than normal, whereas the longi-
tudinals were thinner with many gaps. The phenotype was
identical when GS-form3 was crossed with the elav-Gal4
driver, indicating that it was caused by misexpression of the
downstream gene in postmitotic neurons (Figs. 1A and B).
We analyzed the phenotypes of these embryos using the
mAb 1D4 [anti-Fasciclin 2 (Fas2); Van Vactor et al., 1993]that visualizes three longitudinal fascicles along the inner
surface of the nerve cord (Fig. 1D). The 1D4-positive
longitudinal axons aberrantly crossed the midline in elav-
Gal4/GS-form3 embryos (Fig. 1E). The phenotypes re-
vealed by the mAbs BP102 and 1D4 were similar to those of
roundabout (robo) mutant phenotypes (Seeger et al., 1993)
and appear to be caused by an increase in the number of
axons crossing the midline. These phenotypes were likely to
be due to the direct effect on axon guidance but not caused
by indirect effects of the change in cell fate since they were
induced by misexpression in the postmitotic neurons. The
profiles of cell fate markers Even-skipped (Eve) and
Engrailed (En) were normal in sca-Gal4/GS-form3 embryos
(data not shown), further supporting this notion.
A novel formin protein is encoded by form3
To examine where the UAS sequence is inserted in
the GS-form3 line, we isolated and sequenced the
transcript of which the expression was forced in this
line. The UAS sequence was inserted at the chromosomal
position 65E, upstream of the gene that we termed
formin3 (form3; Fig. 2A). We connected partial cDNAs
obtained from an E-phage cDNA library and by RT-PCR
and constructed a full-length form3 cDNA. We then
generated UAS-form3 transgenic lines and crossed them
with sca-Gal4 or elav-Gal4 (see Materials and methods
for details). The CNS phenotypes of the GS-form3 line were
observed, indicating that form3 was responsible for the
phenotype (Figs. 1C and F).
Sequencing the full-length cDNA showed that form3
encodes a novel formin consisting of 1644 amino acids
(Figs. 2B and C). Formins are a family of highly
conserved eukaryotic proteins, defined by two juxtaposed
domains, FH1 and FH2, both of which are implicated in
the actin regulation (Evangelista et al., 2003; Wallar and
Alberts, 2003; Wasserman, 1998). FH2 is the most highly
conserved domain among different formins and is specific
to formins. The FH1 domain is a polyproline region that
binds to the actin monomer binding protein, Profilin. The
FH1 domain also interact with Src-homology 3 (SH3) and
WW domains (Evangelista et al., 2003; Wallar and
Alberts, 2003). A homology search [SMART analysis
and Blastp analysis (NCBI: http://www.ncbi.nlm.nih.gov/)]
revealed that Form3 has both of these domains. In addition
to FH1 and FH2, Form3 has an FH3 domain, which is
conserved among subsets of formins (Evangelista et al.,
2003; Wallar and Alberts, 2003). The FH3 domain is
implicated in the targeting of some formins to specific sites
such as the mitotic spindle (Petersen et al., 1998) or bud
tips (Ozaki-Kuroda et al., 2001) in yeast. A subfamily of
formins is defined by their ability to interact with
activated, GTP-bound form of Rho-type small GTPases.
This class of formins has an RBD (Rho-GTPase binding
domain) in the N-terminal region and a domain called dia
autoregulatory domain (DAD; Alberts, 2001). The RBDs
Fig. 1. Axonal phenotype caused by form3 misexpression. Dissected stage 16 ventral nerve cords stained with mAb BP102 (A–C) or with mAb 1D4 (D–F). (A)
Wild-type CNS axon scaffold. (B and C) In elav-Gal4/GS-form3 (B) and UAS-form3/+;elav-Gal4/+ (C) embryos, CNS axon scaffold is collapsed
(arrowheads). (D) In wild-type embryo, three longitudinal fascicles expressing Fas II run parallel on both sides of the ventral midline. (E and F) In elav-Gal4/
GS-form3 (E) and UAS-form3/+;elav-Gal4/+ (F) embryos, some 1D4-positive longitudinal axons extend towards and cross the midline (arrowheads). Scale
bar = 50 Am.
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be classified by functional criteria. On the other hand,
DADs are highly conserved among this class of formins.
Since Form3 does not have a DAD, it probably does not
belong to this subfamily of formins.
The Drosophila genome contains six formin genes,
including the diaphanous and cappuccino. Diaphanous is
implicated in cytokinesis (Castrillon and Wasserman, 1994)
and Cappuccino in cytokinesis and oocyte polarity
(Emmons et al., 1995; Manseau and Schupbach, 1989).
Fig. 3 shows a phylogenetic tree of the six Drosophila
formins and selected formins from other species, based on
sequence comparisons of their FH2 domains by ClustalW
(Thomopson et al., 1994). The closest homolog of Form3
with the exception of the Anopheles gambiae ortholog are
the human KIAA1727 and mouse XP130991 proteins,
which have 40% and 39% identity in the FH2 domain.
These four proteins appear to constitute a subfamily that is
distinct from other formins.Expression pattern of form3 mRNA during embryogenesis
To investigate when and where form3 is expressed
during embryonic development, we performed whole-mount
RNA in situ hybridization (Fig. 4). We detected form3
expression in tracheal cells after invagination at stage 11
(Fig. 4A). As the primary branches formed during stages 12
and 13, form3 was preferentially expressed in the dorsal
trunk (DT) and transverse connective (TC; Fig. 4B), then in
all tracheal cells at stage 14 (Fig. 4C), thereafter gradually
diminishing towards the end of embryogenesis. The
expression in the trachea became weaker at stage 15 (Fig.
4D) and was undetectable at stage 16 (Fig. 4E). Outside the
tracheal system, form3 was expressed in anal pads (Fig. 4E,
arrow) and in a few cells in the CNS (Fig. 4F).
We also investigated the expression of other Drosophila
formins during embryogenesis. CG5797 mRNA was
expressed in subsets of muscles and at the midline of the
ventral nerve cord from stage 15 (Figs. 4G–I). We did not
Fig. 2. The form3 gene encodes a novel formin homology (FH) protein. (A) Gene structure of form3 (gene accession number AB061681) and the position of
the GS insertion. Complementary DNA analysis showed that three tandem CG genes (CG14824, CG8633, and CG18138) encode a single gene that we named
formin3 (form3), consisting of 10 exons (blocks). Coding sequence starts from second exon. (B) Primary structure of Form3 consists of 1644 aa and contains
FH3 domain (bright gray block), polyproline region called FH1 domain (black block), and FH2 domain (dark gray block). The form3Em31 and form3Em41
mutations convert R428 to a stop codon and A376 to V, respectively. (C) Amino acid sequence of Form3.
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puccino, CG14622, and CG6807 during embryogenesis
(data not shown), although they might be weakly and
ubiquitously expressed at a weak level.
Loss-of-function of form3 affects tracheal fusion
The P-element insertion in the GS-form3 line was
16465 bp upstream of the translation start site of form3
and did not disrupt the function of the gene. We therefore
generated EMS-induced mutants by screening for rever-
tants of the lethality caused by misexpression of the gene
(see Materials and methods). We recovered two form3alleles that were homozygous lethal and which failed to
complement each other for the lethality. Genomic sequenc-
ing revealed that form3Em31 had a point mutation that
replaced 428th arginine in the FH2 domain with a
termination codon (Fig. 2B). Since the mutation removes
most of the FH2 domain that is essential for formin function,
we surmised that it is a null or strong loss-of-function allele,
although we cannot exclude the possibility that it is a
hypomorph. Another allele form3Em41 contained a point
mutation (376th alanine to valine) in the FH2 domain. Since
form3 is mainly expressed in the tracheal system during
embryogenesis, we focused our phenotypic analysis on
tracheal formation.
Fig. 3. Form3 belongs to distinct family of formins. We compared all
formins in Drosophila and representative formins from other organisms by
using FH2 domain protein sequences and aligned them using CLUSTALW
(Tree view). Species designation precedes each protein acronym (Ag, A.
gambiae; Dm, Drosophila melanogaster; Hs, human; Mm, murine; Sc,
budding yeast).
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ectodermal invaginations that each extend to form a
network of tubes (Manning and Krasnow, 1993; Samakov-
lis et al., 1996a). During this process, some tracheal
branches (called fusion branches) fuse with those from
neighboring metameres (dorsal and lateral trunk) or with
those from the other side of the embryo (dorsal and ventral
branches). We first examined development of the trachea
using the mAb 2A12, which visualizes the tracheal lumen.
We found that in form3Em31 mutant embryos, the lumens
were discontinuous at some anastomosis sites. In stage 14
wild-type embryos, dorsal trunk connection was already
complete and lumens were continuous (0.0% discontinuous
fusion points, n = 450; Fig. 5A). In contrast, in stage 14
form3Em31 embryos, the dorsal trunk lumens were dis-
continuous at 21.0% of the anastomosis sites (n = 414; Fig.
5B). Even at stage 16, many of the anastomosis sites
remained unconnected in form3Em31 embryos, although the
frequency decreased to 11.8% (n = 990; Fig. 5D). Similardefects were seen in another allele form3Em41. Thus, fusion
events in the dorsal trunk were delayed or failed in form3
mutants. The phenotype was rescued by the forced
expression of form3 specifically in the dorsal trunk by
the sal-Gal4 driver (2.4% discontinuous fusion points in
stage 16 embryos; n = 846), indicating an autonomous
requirement for form3 in these cells. Anastomoses of other
tracheal branches were also affected, including that of the
lateral trunk [23% discontinuous fusion points (n = 279) at
stage 16 compared with 2.3% (n = 342) in the wild type]
and the dorsal branch [58% discontinuous fusion points (n =
108) at late stage 16 compared to 13% (n = 108) in the
wild type; Figs. 5E and F].
The abnormal anastomosis could be caused by defects in
the differentiation of fusion cells, specialized cells that
mediate fusion events. We therefore studied the differ-
entiation of these cells by the specific cell marker, Escargot
(Tanaka-Matakatsu et al., 1996; Fig. 6). Fusion cells were
present and expressed Escargot at abnormal anastomosis
sites in form3Em31 embryos, suggesting that form3 mutation
does not affect the differentiation and specification of these
cells.
Formation of the F-actin track that mediates tracheal fusion
requires form3
During tracheal fusion, a cytoskeletal track containing F-
actin, microtubule, and E-cadherin forms between fusion
cells and mediates lumen formation (Lee and Kolodziej,
2002; Lee et al., 2003; Tanaka-Matakatsu et al., 1996).
Since many formins are implicated in cytoskeletal regu-
lation, we investigated the dynamics of F-actin-rich track
formation in wild-type and in form3 mutants by time-lapse
analyses of this structure in the trachea visualized with GFP-
moesin (Chihara et al., 2003; Edwards et al., 1997; Fig. 7
and Supplementary Movies 1–3). After the fusion cells
initiated contact in wild-type embryos, a thin barlike
structure appeared at the contact site (arrows in Figs. 7B
and C). The bar became thicker as the lumen became
connected (arrows in Figs. 7D–G). This track containing
GFP-moesin presumably corresponded to the actin-rich
track that contains E-cadherin, F-actin, and Shot and which
prefigures the future axis of lumen formation, as described
in previous studies (Lee and Kolodziej, 2002; Lee et al.,
2003; Tanaka-Matakatsu et al., 1996). At the failed
anastomosis sites in form3Em31 embryos, although F-actin
dot or bar structures were created at random positions near
the fusion cell contact (arrowheads in Figs. 7I and K), they
were not stabilized to form a long continuous F-actin track
as in wild-type embryos (Figs. 7H–Q, see Movies 2 and 3).
Subsequently, luminal connections delayed or failed. F-
actin-based structures other than those found in the fusion
cells were not affected in form3Em31 embryos. In the dorsal
trunk, F-actin accumulated normally along the apical side of
tracheal cells other than fusion cells (Figs. 7H–N, R, and S).
F-actin structures in filopodia and lamellipodia-like protru-
Fig. 4. Embryonic expression of form3 and CG5797 mRNA. RNA in situ hybridization of form3 (A–F) and CG5797 (G–I). (A–D) The form3 expression in the
tracheal cells at stage 11 (A), stage 12 (B), stage 14 (C), and stage 15 (D). (E) At stage 16, form3 expression is almost undetectable in tracheal system.
Expression in anal pad is indicated by arrow. (F) Expression of form3 in small subsets of cells in CNS at stage 16. Arrow indicates the midline. (G and H)
Lateral (G) and ventral (H) views of stage 15 embryos, showing expression of formin CG5797. (I) Higher magnification image of the ventral nerve cord and
muscles of stage 17 embryo. Scale bar = 50 Am in A–C and E–I, 100 Am in D.
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7R, S). Thus, form3 appears to play a role in specific aspects
of actin remodeling.
The form3 mutants affect E-cadherin accumulation during
tracheal fusion
E-cadherin is essential for tracheal fusion (Uemura et al.,
1996; Tanaka-Matakatsu et al., 1996) and it accumulates at
the site of fusion cell contact and forms a ring that marks the
lumen entry point. During this process, E-cadherin becomesassociated with the actin-rich track described above (Lee
and Kolodziej, 2002; Lee et al., 2003). We studied E-
cadherin localization in form3 mutants. In wild-type
embryos, an E-cadherin spot was formed at the contact site
of fusion cells as soon as they came in contact (Figs. 8A–C;
Tanaka-Matakatsu et al., 1996). This structure became a line
parallel to the branch orientation (Figs. 8D–F; Tanaka-
Matakatsu et al., 1996). This early accumulation of E-
cadherin was observed in all fusion points in form3 mutants
examined (Figs. 8M–R). Later in anastomosis, the E-
cadherin structure forms a ring and the fusion cells become
Fig. 5. Tracheal phenotype of form3 mutants. Tracheal lumens of wild-type (A, C, and E) and form3 mutant (B, D, and F) embryos stained with mAb 2A12. (A
and B) Stage 14. In wild-type embryo (A), dorsal trunk lumen is already formed. In form3 mutant embryo (B), dorsal trunk lumen is discontinuous at some
anastomosis sites (arrows). (C and D) Stage 16. In form3 mutant embryo (D), dorsal trunk lumen is still discontinuous at some anastomosis sites (arrows). (E
and F) Dorsal view of wild-type (E) and form3 (F) embryos at stage 16 showing lumen formation in dorsal branch. In form3 mutant embryo (F), dorsal branch
lumen is discontinuous at some anastomosis sites (arrows). Scale bar = 50 Am in A–D, 25 Am in E and F.
Fig. 6. Fusion cells are present and express Escargot in form3 mutant embryos. Control (btl-Gal4/UAS-GFPmoesin; A–C) and form3 mutant (btl-Gal4, form3Em31/
UAS-GFPmoesin, form3Em31; D-F) embryos at stage 15 stained for Esg (purple) and GFP-moesin (green). Arrows indicate fusion cells. Scale bar = 25 Am.
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Fig. 7. The form3 mutants affect actin cytoskeleton reorganizations in fusion cells. Time-lapse observations of F-actin structures in dorsal trunk (A–Q) and
dorsal branch (R and S) in control (btl-Gal4/UAS-GFPmoesin; A–G and R) and form3 mutant (btl-Gal4, form3Em31/UAS-GFPmoesin, form3Em31; H–N and S)
embryos. (A–Q) Lumen formation in dorsal trunk. Images shown in A and H were taken at approximately 10.5 h after egg laying (AEL) and elapsed time from
this time point is indicated in minutes (B-G, I–N). (A–G) In wild-type embryo, straight F-actin-rich tracks form at future lumen axis in fusion cells before
luminal connections occur (arrows). (H–N) Three metameres in a form3Em31 mutant embryo, showing normal (middle, m), delayed (left, l), and failed (right, r)
anastomosis sites. In the right metamere (r), dot- or barlike F-actin structures failed to be stabilized, although they are transiently created in fusion cells
(arrowheads in I and K). (O–Q) Three images taken at 5-min intervals at approximately 11.5 h AEL show another failed anastomosis site in form3Em31 mutant
embryo. A thin barlike structure forms transiently (an arrow in P) but disappears within 5 min (Q). (R and S) F-actin structures in filopodia and lamellipodia of
migrating dorsal branch tips in control (R, arrows) and form3 mutant (S, arrows) embryo at approximately 12 h AEL. Scale bar = 25 Am.
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Fig. 8. E-cadherin localization between fusion cells is affected in form3 mutants. Control (btl-Gal4/UAS-GFPmoesin; A–L) and form3 mutant (btl-Gal4,
form3Em31/UAS-GFPmoesin, form3Em31; M–X) embryos stained for GFP-moesin (B, E, H, K, N, Q, T, W, and green in A, D, G, J, M, P, S, V) and E-cadherin
(C, F, I, L, O, R, U, X, and purple in A, D, G, J, M, P, S, V). The fusion points presented in S-X exhibited typical examples of defects seen in the form3
mutants. (A–C, M–O) Stage 13. E-cadherin accumulation in a spot between fusion cells (arrows) in control (A–C) and form3 mutant (M–O) embryos. (D–F, P–
R) Stage 14. E-cadherin accumulation in a line (arrows) in control (D–F) and form3 mutant (P–R) embryos. (G–I, S–U) Stage 15, a ringlike structure of E-
cadherin (G–I, arrows) is absent at an anastomosis site in form3 mutant embryo (S–U). Instead, E-cadherin accumulates at the tip of lumen in form3 mutant
(arrow in S–U). (J–L, V–X) Stage 16. Three rings of E-cadherin (J–L, arrows) are absent at an anastomosis site in form3 mutant embryo (V–X). Scale bar = 25 Am.
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kovlis et al., 1996b; Tanaka-Matakatsu et al., 1996). As the
compaction of fusion cells drew the flanking tracheal cells
closer to the central ring of E-cadherin, three rings of E-
cadherin became evident in wild-type embryos (Figs. 8J–L;
Tanaka-Matakatsu et al., 1996). These characteristic struc-
tures were lost at some anastomosis sites of form3Em31
mutants (Figs. 8S–X).Discussion
Drosophila Form3 is a member of a distinct family of
formins expressed in trachea
We identified form3 by misexpression phenotype in the
CNS. When form3 was expressed in all neurons, axon tract
formation in the CNS became severely defective. Since
form3 is normally expressed only in a few cells in the CNS
that are probably glia (H.T. and A.N., unpublished data), the
observed phenotype is likely to be due to ectopic expression
of form3 in cells that normally do not express it. Thus,restricted expression of the gene is critical for CNS
development. In loss-of-function mutants of form3, no
phenotype was obvious in the axonal projection in the
CNS (H.T. and A.N., unpublished data), suggesting that the
gene is not normally required in the CNS. How form3
caused the misexpression phenotype remains unclear.
However, since its misexpression in postmitotic neurons
induced the phenotype without obvious cell fate changes,
ectopic Form3 probably directly affects growth cone
guidance. It may interfere with normal cytoskeletal signal-
ing, possibly the Robo pathway, that keeps neuronal axons
away from the midline.
Form3 belongs to a distinct subfamily of formin proteins
that includes human KIAA1727 and mouse XP130991.
During embryonic development, form3 is mainly expressed
in the tracheal system. The Drosophila genome contains six
formin genes, of which diaphanous and cappuccino have
been characterized. Various combinations of diaphanous
mutations result in multinucleate spermatids, polyploid
larval neuroblasts, and adult follicle cells (Castrillon and
Wasserman, 1994). The cappuccino gene is required for the
localization of molecular determinants within developing
H. Tanaka et al. / Developmental Biology 274 (2004) 413–425 423oocyte (Emmons et al., 1995; Manseau and Schupbach,
1989). These two Drosophila genes and many other formin
genes are ubiquitously expressed in various cells and tissues
of many organisms. In contrast, the expression of form3 and
of another Drosophila formin gene, CG5797, is highly
restricted. These differences may be important in terms of
cytoskeletal regulation by the spatial and temporal control of
formins.
Role of form3 in tracheal fusion
In form3 mutants, specific defects were seen in the
tracheal fusion. We used two alleles of form3, one with
nonsense mutation and another with missense mutation in
the FH2 domain. Since both mutations leave the amino-
terminal sequence intact including the FH3 and FH1
domains, the observed phenotype could be due to the
expression of the truncated proteins or proteins with novel
function. For example, they may function in a dominant-
negative manner by binding to the interacting protein(s)
(Evangelista et al., 2003; Nakano et al., 1999). However, the
following observations argue against this possibility. First,
we did not observe the tracheal phenotype in the hetero-
zygous embryos. Second, expression of the full-length
cDNA rescued the phenotype. Third, expression of FH3
domain alone had no effects on tracheal fusion (H.T. and
A.N., unpublished data). Thus, the observed phenotypes are
most likely to be due to loss of function of form3.
E-cadherin-mediated contact and regulation of associated
F-actin structures are essential for tracheal fusion (Lee and
Kolodziej, 2002; Lee et al., 2003; Uemura et al., 1996;
Tanaka-Matakatsu et al., 1996). Accumulation of E-
cadherin at the fusion cell contact is one of the earliest
events in tracheal fusion. E-cadherin then becomes asso-
ciated with the F-actin to form a track between fusion cells
(Lee and Kolodziej, 2002; Lee et al., 2003). Formation and
maturation of the track are required for remodeling of the E-
cadherin contact to form a ring that allows the passage of
lumen (Lee and Kolodziej, 2002; Lee et al., 2003). E-
cadherin initially accumulates at fusion cells of form3
mutants although in an abnormal manner. However,
formation of the F-actin-rich track between the fusion cells
is delayed or fails to occur. These results suggest that form3
is required to recruit F-actin to the track or to stabilize the
track. A similar role has been proposed for Shot, a plakin
that binds both to F-actin and microtubules (Lee and
Kolodziej, 2002; Lee et al., 2003). In shot mutants, defects
in the formation of the actin track and tracheal fusion are
similar but more frequent. Although Form3 and Shot do not
share structural domains, they might play similar roles in
regulation of the cytoskeleton in tracheal cells. Such
functional overlap may explain the incomplete penetration
of the form3 mutant phenotype.
RhoA GTPase is also implicated in tracheal fusion.
Expression of the constitutively active form of RhoA in
tracheal cells induces similar defects in tracheal fusion tothose seen in form3 or in shot mutant embryos (Lee and
Kolodziej, 2002). Several formins, including the yeast Bni1p
and mouse mDia1, are regulated by Rho GTPases (Evan-
gelista et al., 1997; Imamura et al., 1997; Watanabe et al.,
1999). Form3 might also be regulated by Rho GTPases,
although Form3 lacks the autoregulatory domain DAD.
Some formins are known to regulate gene expression by
activating serum responsive factor (SRF), a transcriptional
factor that regulates many serum-inducible genes (Copeland
and Treisman, 2002; Tominaga et al., 2000). It is interesting
in this light that Drosophila SRF (DSRF) has been shown to
be involved in tracheal development (Affolter et al., 1994).
However, DSRF is expressed in terminal cells but not in
fusion cells and is not required for tracheal fusion. It is
therefore unlikely that form3 regulates tracheal fusion via
DSRF.
Formins as nucleators of straight actin bundles
Actin nucleation is a crucial step in the assembly of
actin filaments. Arp2/3, the best characterized nucleator,
nucleates and forms branched actin networks such as those
found in the lamellipodia of motile cells (Pollard and
Beltzner, 2002). In contrast, Bni1p, a yeast formin,
nucleates the assembly of straight actin filaments in vitro
(Pruyne et al., 2002). In yeast cells, Bni1p is involved in
the formation of actin cables and cortical actin rings
(Evangelista et al., 2002; Pruyne et al., 2002; Sagot et al.,
2002a,b). Similarly, mouse mDia1 can promote actin
nucleation in vitro and is required for stress fiber
formation in cultured fibroblasts (Li and Higgs, 2003;
Watanabe et al., 1999). Since other formins are also
implicated in the formation of linear actin bundles, formins
might nucleate the assembly of the straight actin filaments
(Chang and Peter, 2002; Evangelista et al., 2003). For
example, a human formin DFNA1 is implicated in the
formation of actin arrays in hair cell stereocilia (Lynch et
al., 1997). The present study showed that Drosophila
Form3 is involved in the formation of the F-actin-rich
tracks, which are straight actin structures seen in the
developing trachea, but not in other actin structures such
as those in the lamellipodia of the migrating trachea.
Whether different formins indeed nucleate various actin
structures and how formins organize the cytoskeleton
during morphogenesis should be determined.Acknowledgments
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